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regions consisting of a repeating sequence G-X-Y, where G is a glycine residue and X and Y are any amino acid, but frequently they are proline and 4-hydroxyproline, respectively. A really unique feature of this trimeric motif is a stagger (or chain register) between each chain. Even in homotrimeric collagen identical residues within the triple helix are not equivalent as has been observed in crystal structures of collagen peptides. There are always a leading, middle and trailing chains shifted by one residue. Type I collagen is the most abundant and most studied collagen, which composed of two α1 and one α2 chains (1) . The chain stagger of type I collagen remains elusive, all three variants, α1α1α2 (2), α1α2α1 (3, 4) , and α2α1α1 (5) were suggested.
Our current knowledge of the collagen interactome is generally limited to only a few abundant collagen types. Precise mapping of collagen interaction sites and their binding mechanisms are difficult to address due to exceptional length of the molecule. Generation of short fragments of collagen is a general method and great progress was achieved in this direction. Collagen peptide toolkits were successfully implemented for type II and III homo-trimeric collagens and used to precisely map and study binding to integrin α2β1 (6) , von Willebrand factor (7), DDR2 (8) , gpVI (9) , LAIR-1 (10), SPARC (11) , and YadA (12) . However, this approach is only applicable to homo-trimeric types of collagen. There are a number of hetero-trimeric collagen types, such as I, IV, V, VI, IX and XI, which have two or even three distinct chains. In this case a problem with chain stoichiometry is additionally complicated by the chain register. For example, instead of forming a single species of hetero-trimeric α1α2α3 with a defined stagger, a mixture of three different chains α1, α2, and α3 can potentially form 27 different varieties (excluding those with misaligned chains); among them 6 will represent differently staggered forms of all three α1, α2, α3 chains. Attempts were made to develop a system with the chain composition and stagger control. One was based on the cysteine knot of type III collagen that is located at the very C-terminal end of the triple helical domain. The knot covalently links all three chains and it was thus hypothesized that it should also lock a specific stagger (13) . A simplified artificial version of the knot was designed and implemented using regioselective thiol chemistry (14) . Nevertheless, the actual stagger in this system has never been resolved. Moreover, the recent crystal structure of type III collagen fragment with the natural cysteine knot (15) and a new crystal structure reported here raised a question on whether it can determine (lock) a specific stagger. Another approach in achieving the determined stagger is a system of three artificial collagen-like chains bearing compensating charges that allow a specific assembly of hetero-trimeric molecules (16) . Surprisingly, the highly preferred stagger was detected using NMR technique (17) . Despite successful development of the artificial heterotrimeric collagen system with the stagger control, its application for natural sequences seems to be impractical due to unpredictable effects of the loaded natural sequence on composition and chain register.
Trimerization is an obligatory step in collagen triple helix formation. For long collagen chains it requires a special trimerization domain that selects type-specific chains and nucleates the triple helix formation in a zipper-like fashion (18) . These domains have different folds and are of non triple-helical nature. We have recently identified small (35-55 residues) and efficient trimerization domains in collagen types XVIII, XV (19, 20) and XIX, IX (21, 22) , which are useful tools for folding and stabilization of collagenous peptides since they represent a natural way to initiate folding and stabilize the triple helix. Among them the noncollagenous domain 2 (NC2) of type IX collagen is unique since it provides the hetero-trimerization of three distinct collagen chains, i.e. α1, α2 and α3 (22) . We hypothesized here that it also determines the chain register of the adjacent triple helix. To test this hypothesis a set of different chain compositions based on type I collagen was generated. The collagen sequences comprised a potential binding site for the von Willebrand Factor A3 domain (vWFA3). It was speculated previously that only a specific stagger binds vWFA3 (7) .
Various complexes demonstrated different thermal stability with the one demonstrating the highest melting temperature.
Moreover, the complexes demonstrated different binding affinities to vWFA3. Consequently, the NC2 domain of type IX collagen determines the chain register of the triple helix. The type IX Collagen hetero-trimerization domain is a light-weight nontriple-helical fragment that provides a technically simple and natural way for the generation of triple helical collagenous fragments of any type and length with predicted chain composition and stagger.
EXPERIMENTAL PROCEDURES
Peptide synthesis -The peptides col3HypCC and col3ProCC ( Figure 1) were synthesized on an ABI433A peptide synthesizer with 0.25 mM Fmoc-L-Val-PEG-PS resin, a 4-fold excess of Fmoc amino acids and O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate as activating agent. The Fmoc amino acids carried the protection groups Cys-Trt, Hyp-t-Bu, Gln-Trt, Arg-Pbf and Hyp-t-Bu. The peptide was cleaved off the resin and deprotected for 4 h at room temperature with 90% trifluoroacetic acid, 5% thioanisole, 3% 1,2-ethanedithiol, and 2% anisole. Subsequently, the peptide was precipitated in cold ether, redissolved in H 2 O, and lyophilized. The reduced peptide was then purified by reverse phase HPLC using a C 18 column (Vydac, Hesperia, CA; 50 × 250 mm, 10-15-μm particle size, 300-Å pores) with an acetonitrile/water gradient and 0.1% trifluoroacetic acid as ionpairing agent.
Finally, the peptide was characterized by electrospray/quadrupole/time-offlight mass spectrometry (Q-tof micro; Waters Associates) and amino acid analysis.
Peptide
Folding, Oxidation, and Purification of Disulfide-linked Trimer -The lyophilized, reduced peptides were dissolved in degassed and N 2 saturated 50 mM sodium acetate buffer, pH 4.5, under N 2 atmosphere and were kept at 4 °C for 24 h to allow triple helix formation prior to oxidation. Oxidation was carried out by addition of reduced (10 mM) and oxidized (1 mM) glutathione and exposure to atmospheric O 2 . The pH was raised to 8.3 with a saturated solution of Tris. Oxidation was carried out for 5-7 days, and the mass of the peptides was periodically analyzed by liquid chromatography-mass spectrometry. The maximum yield of a covalently linked trimeric form was ~60-70%. To separate the covalently linked trimeric form from other oligomers, the oxidized crude material was dissolved in deionized 8 M urea solution with 0.1% trifluoroacetic acid to prevent disulfide exchange and applied to a sieve column. Trimercontaining fractions were pooled and further purified by reverse phase HPLC using a C 18 column.
Crystallization
and structure determination -The purified and lyophilized covalently linked trimeric peptide containing the type III collagen sequence, col3HypCC, was dissolved at a concentration of 10 mg/ml in 5 mM acetic acid. The peptide was crystallized at 22 °C using the hanging drop vapor diffusion method. The crystals were shortly dipped into the reservoir solution with added 10% 1,2-propanediol (served as the cryo-protectant condition) and frozen in liquid nitrogen.
Data collection was performed using crystals flash-frozen to 100K on the "NOIR-1" detector system at the Molecular Biology Consortium Beamline 4.2.2 of the Advanced Light Source, Lawrence Berkeley National Laboratory.
The collected images were indexed, integrated and scaled using iMOSFLM (23) and SCALA from the CCP4 suite (24) . The AMORE program (25, 26) was used within the CCP4 suite (24) to find an initial molecular replacement solution. A crystal structure of the VWF binding type III collagen derived triple helical peptide (PDB: 4DMT) (2) was used as a search model. A single outstanding solution was generated by AMORE. Iterative cycles of model correction and refinement were performed using COOT (27) and PHENIX (28) , respectively. B factors of protein atoms were refined as two TLS groups covering the N-terminal (less structured) and C-terminal segments. The quality of the models was assessed with program MolProbity (29) . Data collection and refinement statistics are summarized in Supplemental Table S1 . The atomic coordinates and structure factors were deposited to the Protein Data Bank (PDB ID 4GYX). Figures were generated with programs PyMOL (http://www.pymol.org) and CCP4MG (30) .
Cloning, expression and purification of vWFA3 -To facilitate expression and purification of von Willebrand factor A3 domain, it was cloned as part of a fusion molecule with a His-tagged thioredoxin with a thrombin cleavage site (HisTrxthr) to cleave off products later. The plasmid pET23-HisTrx (22) has multiple cloning sites just after the HisTrx-thr gene. The plasmid pQE-9-VWF-A3 (31) containing the cDNA of vWFA3 was a gift from Miguel Cruz. The vWFA3 domain was PCR-amplified using forward and reverse primers (Supplemental Table S2 ) and cloned into the pET23-HisTrx vector using the restriction sites BamHI and SalI. The DNA insert was verified by Sanger dideoxy DNA sequencing.
The recombinant vWFA3 was expressed in the E. coli BL21(DE3) host strain (Novagen). Colonies from freshly transformed competent cells were resuspended in 1L of 2xTY medium (16 g of tryptone, 10 g of yeast extract, and 5 g of NaCl per liter), grown to A 600 ~0.6-0.8, and induced by adding isopropyl 1-thio-β-d-galactopyranoside (IPTG) to a final concentration of 1 mM and expressed at 20 °C for 16-20 h. Cells were chilled at 4°C, harvested by centrifugation at 3,000g for 15 minutes, resuspended in 20 mL of 20 mM Tris/HCl buffer, pH 8, and disrupted by ultrasonication. All the insoluble material was removed by centrifugation at 15,000g for 30 minutes. In contrast to the previously reported expression of vWFA3 as insoluble inclusion bodies (31) 60-80% of the fusion protein was expressed in soluble form. The soluble fraction was transferred to a beaker and 30% streptomycin sulfate was slowly added to the intensively mixing solution to a final concentration of 1% and incubated for 15 min. The precipitated DNA fragments and other insoluble materials were removed by centrifugation at 15,000g for 15 min. To the cleared solution saturated ammonium sulfate was slowly added while mixing up to 35% of saturated solution to salt out the recombinant protein.
The protein was pelleted by centrifugation at 10,000g for 10 min and solubilized in 50mM sodium phosphate buffer, pH7.
After solubilization the buffer was supplemented with 500 mM NaCl, 20 mM imidazole and purified by immobilized metal affinity chromatography on HisTrap™ HP column (GE Healthcare) charged with Ni 2+ . The protein was eluted with 50 mM sodium phosphate buffer, pH 7, supplemented with 500 mM NaCl and 500 mM imidazole.
Thrombin cleavage was performed at room temperature for 24 h with 1 unit/ml recombinant thrombin protease (BaculoGold™; BD Biosciences) in 50 mM Tris buffer (pH 8.0), supplemented with 150 mM NaCl. Thrombin cleaved material was run over the nickel-charged column to separate vWFA3 from the His-tagged thioredoxin or uncleaved material.
Two additional purification steps were applied, namely, the hydrophobic chromatography on Phenyl-sepharose and the anion-exchange chromatography on Q-sepharose. The protein solution was adjusted to 1M ammonium sulfate, 50 mM sodium phosphate, pH 7 and run through the Phenyl-Sepharose column (GE Healthcare). The protein was then eluted with 0.5 M ammonium sulfate. The protein was extensively dialyzed against 50 mM Tris, pH 8, loaded onto the Q-Sepharose column (GE Healthcare), and eluted with a linear gradient of NaCl. The pure protein was eluted at ~100 mM NaCl. The fractions containing the pure proteins were pooled and dialyzed into appropriate buffers. The correct molecular weight was confirmed by massspectroscopy.
Sedimentation equilibrium experiment confirmed the monomeric state of vWFA3 in solution. When necessary, vWFA3 was concentrated using an Amicon Ultra 10K concentrator (Millipore). Protein concentrations were determined by amino acid analysis. The total yield of the purified protein was ~30mg starting from 1L of medium.
Cloning, expression and purification of (GPP) 7 and type III collagen construct -A synthetic gene encoding (GPP) 7 sequence linked to a fragment encoding NC2 domain of type XIX collagen was made by Integrated DNA Technologies (USA) (Supplemental Figure S1 ). The gene was re-cloned into the pET23-HisTrx expression vector (22) using BamHI and SalI restriction sites, which resulted in a new vector, pET23-HisTrx_gpp7-NC2XIXB.
The final construct was expressed as a fusion molecule with a His-tagged thioredoxin and a thrombin cleavage site. In this chimeric construct the collagenous part, (GPP) 7 , was stabilized by the NC2 trimerization domain of type XIX collagen.
An oligonucleotide 5'-CCAGGCCCGCCAGGTCCGCCAGGTCCGCC GGGTCCGCGCGGCCAGCCAGGTGTTATGG GTTTTCCTGGGCCACCGGGGCCGCCCGGAC CG -3' was used as a template for PCR amplification of a fragment encoding type III collagen vWFA3-binding region flanked by (GPP) 4 and (GPP) 3 using primers shown in Supplemental Table S2 . The fragment was cloned into the pET23-HisTrx_gpp7-NC2XIXB vector, where (GPP) 7 -encoding portion was replaced with the fragment of interest using ApaI and XmaI cloning sites. The proteins were expressed and purified using the same strategy as for vWFA3 with a few modifications. Proteins salting out were achieved at 30% of saturated solution of ammonium sulfate. After separation of thrombin cleavage products on the Ni 2+ -column two ion exchange chromatographies were applied, the anion exchange on Q-sepharose (GE Healthcare) and the cation exchange on SP-sepharose (GE Healthcare). The proteins were eluted at ~150 mM NaCl from the Q-sepharose column equilibrated and operated using 50 mM Tris/HCl, pH 8. The SP-sepharose column was run using 50 mM HEPES, pH 7 and the elution was achieved with 100 mM NaCl. The total yield of each purified protein was ~7 mg starting form 1L of medium.
Cloning of type I collagen complexesTwo synthetic genes encoding human type I collagen fragments of either chain α1 or α2 flanked by (GPP) 4 and (GPP) 3 and linked to a fragment encoding either α2 or α3 chain of NC2 domain of type IX collagen, respectively, with codons optimized for E.coli expression were made by Integrated DNA Technologies (USA) (Supplemental Figure S1 ). The genes were recloned into the pET23-HisTrx expression vector (22) using BamHI and SalI restriction sites. The final constructs were expressed as fusion molecules with a His-tagged thioredoxin with a thrombin cleavage site.
Due to a strong background (without adding IPTG) expression of the proteins a significant amount of degraded material was observed, which was found to be inappropriate for further experiments. The fusion constructs were re-cloned into the pET22b(+) vector (Novagen), which has a tighter expression control, using XbaI and SalI restriction sites. The resulting plasmids, pET22-HisTrx_Iα1-IXα2 and pET22-HisTrx_Iα2-IXα3, were used as vectors to generate four other required constructs, i.e. pET22-HisTrx_Iα1-IXα1, pET22-HisTrx_Iα1-IXα3, pET22-HisTrx_Iα2-IXα1, and pET22-HisTrx_Iα2-IXα2.
PCR amplified fragments encoding α1, α2 or α3 chains of type IX collagen NC2 domain were cloned accordingly using the XmaI and SalI restriction sites flanking the NC2 domain sequence of the corresponding vector. As templates for PCR the original synthetic genes and a pET23-HisTrx-NC2IXα1 plasmid (22) were used. Sequences of primers are presented in Supplemental Table S2 .
Expression, refolding and purification of type I collagen constructs -The recombinant proteins were expressed separately in the E. coli BL21(DE3) host strain (Novagen). Colonies from freshly transformed competent cells were resuspended in 2xTY medium, grown to A 600 ~0.6-0.8 at 37 °C, chilled down to an appropriate temperature and induced by adding 1 mM of IPTG. Whereas the constructs with α1 or α3 sequences of NC2 were prominently expressed at 12 °C within 3-4 days, the constructs with α2 of NC2 required cultivation at 4 °C for 7-10 days to produce comparable amounts of the proteins (Supplemental Figure S2) .
To form the required complexes cells were accordingly combined and subjected to purification and reshuffling.
The following nomenclature designates 5 different complexes: 111, a combination of Iα1-IXα1, Iα1-IXα2, and Iα1-IXα3; 222, a combination of Iα2-IXα1, Iα2-IXα2, and Iα2-IXα3; 112, a combination of Iα1-IXα1, Iα1-IXα2, and Iα2-IXα3; 121, a combination of Iα1-IXα1, Iα2-IXα2, and Iα1-IXα3; 211, a combination of Iα2-IXα1, Iα1-IXα2, and Iα1-IXα3. In other words, numbers 1 and 2 designate α1 or α2 chains of type I collagen linked to the α1, α2, and α3 chains of type IX collagen, respectively. For each complex equal volumes (0.33 L) of three different cell cultures were mixed and subjected to initial purification as described for vWFA3w with several modifications. After the first purification on the Ni 2+ -column each complex eluted in 15 mL was diluted four times with 100 mM Tris/HCl, pH 8. 35 . EDTA was added to a 0.5 mM final concentration to chelate any divalent cations that catalyze oxidation. Reduced and oxidized glutathiones were added to final concentrations of 10 and 1 mM, respectively, and pH was adjusted to 8.35 with saturated solution of Tris base. The samples were incubated at 37 °C for 1 h, transferred into beakers at room temperature, treated with 1 μl/ml diisopropylfluorophosphate to inhibit serine proteases and stirred for 24 h. The samples were extensively dialyzed against the thrombin cleavage buffer and subjected to thrombin cleavage and separation on the Ni 2+ -column as described for vWFA3.
Two additional purification steps were a separation on the Heparin-sepharose (GE Healthcare) column (eluted at ~90 mM NaCl, buffered with 50 mM Tris/HCl, pH 8) and a final polishing on the Q-sepharose column (eluted at ~50 mM NaCl, buffered with 50 mM Tris/HCl, pH 8). Figure 4 shows the electrophoresis of the purified proteins. Correct molecular masses and composition identities were confirmed by the mass-spectroscopy. Peptide concentrations were determined by amino acid analysis. The final yields of the purified complexes were 4 -5 mg starting form 1 L of medium.
Analytical ultracentrifugation -Sedimentation equilibrium measurements were performed with a Beckman model XLA analytical ultracentrifuge. Samples were in 50 mM sodium phosphate, pH 7 supplemented with 150 mM NaCl (PBS). Protein concentrations varied from 0.7 to 0.9 mg/ml. Absorbance was measured at 240 nm for the collagen peptides or at 280nm for vWFA3. Runs were carried out at 4 °C in an An60-Ti rotor using 12-mm cells and Epon two channel centerpieces. Speed used was 20,000 rpm. Data analysis was done using the Sedfit program (http://www.analyticalultracentrifugation.com).
Fluorescence-based Collagen Binding
Assay -The measurement of fluorescence spectra was performed on an SLM8000C instrument (SLM Instruments, Inc.) modified by ISS (ISS Inc.) using the software provided by the manufacturer. The excitation wavelength was 270 nm (8-nm bandwidth). Emission scans were obtained over the wavelength range of 300-420 nm (2-nm bandwidth).
Stock solutions of col3HypCC (3.49 mM trimer) or col3ProCC (1.32 mM trimer) were added to a solution of recombinant vWFA3 (the final concentration of 198nM) in 50 mM Tris/HCl, pH 8.0, containing 0.15 M NaCl in a 1 × 1-cm cell in a thermostatted block at 25 °C with constant stirring. The samples were equilibrated for 2 h before emission spectra were acquired. Correction of the spectra was done by subtracting the emission of the collagen peptides alone (this was a very small correction). Maxima of the emission spectra for different peptide concentration were determined by fitting the profiles in the range from 320 to 350nm using the normal (or Gaussian) distribution function.
Circular dichroism spectroscopy -CD spectra were recorded on an AVIV model 202 spectropolarimeter (AVIV Instruments, Inc.) with a thermostatted quartz cell of 1 mm path length. Samples were in 50 mM sodium phosphate, pH 7. Protein concentrations were adjusted to ~0.2 mg/ml. Thermal scanning profiles were recorded at 225 nm to monitor the collagen triple helix transition. The analysis of melting profiles was performed using the hysteresis formalism developed in (32) .
Differential scanning calorimetry -The temperature dependence of the partial heat capacity was measured in an N-DSC II differential scanning calorimeter (Calorimetry Science Corp.) with the heating rate of 60 °C/h. Samples were in PBS. Protein concentrations varied from 0.7 to 0.9 mg/ml. Baseline subtraction and calculation of ΔH cal was performed using the software provided by the manufacturer.
Affinity chromatography -15 mg of vWFA3 was coupled to 1.5 mL of CNBrActivated Sepharose 4B (GE Healthcare) according to the manufacturer's instructions. The resulting vWFA3-sepharose resin was packed into a 6-cm long column and equilibrated with 50 mM Tris/HCl, 150 mM NaCl, pH 8. The column was operated at room temperature at the flow rate of 0.5 ml/min. Each collagen peptide of the same concentration (0.5 mg/mL) was injected in a volume of 0.1 mL. The elution profile was monitored at 220 nm.
Surface Plasmon resonance -The BIAcore X system (BIAcore) was utilized to study the interaction of vWFA3 with different collagen substrates. Collagen peptides were covalently coupled to CM5 sensor chips via amino groups. Specifically, the CM5 surfaces were activated with 0.4 M EDC / 0.1M NHS for 7 min. The flow rate of 5 µL/min was used for all steps. After activation, 5-20 µg/mL of collagen substrate in 10 mM HEPES buffer (pH 6.0) was passed over the surface, producing ~2000-3000 response units (approximate surface density of ~2.5-3.0 ng/mm 2 ). Unreacted sites on the CM5 surfaces were blocked by treatment with 1 M ethanolamine hydrochloride for 7 min. Binding experiments were performed at 25 °C, using 10 mM HEPES buffer, pH 7.5, supplemented with 150 mM NaCl. vWFA3 solutions at different concentrations in a volume of 25 µL were perfused over the sensor chip surfaces to obtain real-time binding data at a flow rate of 5 µL/min.
Using this flow rate and surface immobilization conditions, there were no transport-limited effects on binding profiles. Binding was monitored using a laser system that detects changes in refractive index. The signal generated, in arbitrary response units, is proportional to a change in surface mass. The association and dissociation phases were not resolved that indicated a high dissociation constant (usually in µM and higher ranges). Therefore it was not possible to obtain association and dissociation rates. After vWFA3 injection the response signal quickly reached the steady value and then returned back to the buffer background signal when the injection was replaced by the running buffer (Supplemental Figure S7) . No regeneration was necessary between consequent injections of vWFA3.
Channel 2 (coupled with the negative control peptide) response was subtracted from channel 1 (coupled with the peptide of interest) to eliminate contribution form non-specific binding and surface effects.
To compensate the differences in responses caused by varying peptide coupling efficiency, the ratio of response signal upon binding to response change observed during sensor chip coupling was used. Since masses of vWFA3 (22 kDa) and tested peptides (~21 kDa) are comparable, this ratio approximately reflected the binding ratio of two molecules.
RESULTS
Crystal structure of type III collagen model peptide with the cysteine knot -The synthetic peptide that contained the minimal vWFbinding site GPRGQOGVMGFO flanked by two GPO units on both sides and covalently trimerized within the C-terminally added sequence of type III collagen cysteine knot GPCCGGV (Figure 1 ) was crystallized and its structure was solved by molecular replacement and refined to 1.5 Å resolution (Supplemental Table S1 ). The asymmetric unit contains a single triple-helical peptide with chains labeled A, B, and C, which correspond to the leading, middle, and trailing chains, respectively. As has been observed in other collagen peptide crystal structures, the N-and Cterminal ends of each of the three triple helical chains display weaker electron density and appear disordered. In our case the N-terminal residues are particularly disordered and display significantly elevated B-factors (Figure 2A ) due to lack of crystal contacts. The final model consists of residues 1-28 of chain A, residues 1-28 of chain B, and residues 1-26 of chain C. Whereas, a strong electron density was observed for the central region of the peptide ( Figure 2B ), which correlated with the lowest Bfactors, the unambiguous tracing of the C-terminal region was limited. Although we built one disulfide bond between Cys27(A) and Cys28(B) (A1-B2 connectivity), which has the best geometry and best fits the density ( Figure 2C ), alternative disulfide bond connections were possible, i.e. A2-B1 or A2-C1. None of these connections allowed the complete structure of the cysteine knot to be built, including all three disulfide bonds, in accord with the diffraction data and geometry constrains. The best connectivity, A1-B2, corresponds to the one previously reported for the crystal structure of the natural type III collagen fragment Gly991-Gly1032 (15) . Despite the same connectivity between A1 and B2 cysteines the main chain geometry of these peptides within the cysteine knot region significantly deviates ( Figure 2D ). It is highly probable that the cysteine knot can adopt several sets of disulfide bond connections and thus cannot lock the specific chain stagger within an adjacent triple helix.
Hydroxyproline to proline substitution within the binding region of type III collagen and its affinity to vWFA3 -The central 4-hydroxyproline
(O) residue within the GPRGQOGVMGFO sequence was reported to be crucial for the binding to vWFA3 as its substitution to the alanine residue abolished the binding (7) . Since the recombinant production of collagenous peptides with the post-translational modification of proline to hydroxyproline residues in milligram quantities is rather challenging, especially using the bacterial system, we were interested whether non-modified proline residues would not sufficiently reduce the binding. Thus two synthetic peptides col3HypCC and col3ProCC ( Figure 1 ) with hydroxyprolines and prolines, respectively, extended with the sequence of the cysteine knot of type III collagen were produced in the covalently trimerized form. The cysteine knot forms interchain disulfide bonds at the end of the triple helix, which substantially stabilizes the triple helix and prevents chain dissociation in diluted solutions (33, 34) .
To compensate for the destabilizing effect of the hydroxyproline to proline substitution on the stability of the triple helix, the sequence of col3ProCC has two additional GPO units (one on each side of the chain). The resulting peptides remain in their triple helical structure upon heating up to 30 °C (thermal stability profiles for both peptides are shown in Supplemental Figure S3 ). Fluorescence of a single Trp residue within the vWFA3 domain was found to be sensitive to the collagen peptide binding and the blue shift in the spectrum was observed upon the complex formation. To explore the binding affinity the fluorescence spectra of vWFA3 at a fixed concentration in the presence of varying amounts of peptides were recorded at 20 °C and a peak position was determined as a function of peptide concentration. The peak position shifted from 336.5 to 332.2 nm. The curves were globally fitted and the dissociation constants were determined to be 1.2 µM and 2.9 µM for col3HypCC and col3ProCC, respectively (Figure 3) . Although the Hyp to Pro substitution within the vWFA3 binding site decreases the binding affinity, the change is not detrimental. Therefore all other peptides used in this study were produced in the bacterial system that lacks the 4-hydroxylation of the proline residues.
Production of homo-and hetero-trimeric collagen complexes with controlled composition -
Type III collagen is a homo-trimer, which consists of three α1 chains. A host guest peptide including the short sequence of type III collagen, as well as an empty host peptide (GPP) 7 , were expressed as fusion proteins with the NC2 homo-trimerization domain of type XIX collagen (21) (Figure 1 ). Thermal stability of collagenous domains in these proteins was analyzed by the CD spectroscopy (Supplemental Figure S4) .
Both proteins demonstrated unfolding transitions at temperature ranges higher than used for binding measurements.
Type I collagen is a hetero-trimer, which consists of two α1 and one α2 chains. Therefore there are three possible arrangements of chains, where the α2 chain can be in the leading, middle or trailing position. To cover all possibilities three hetero-trimeric complexes were produced, i.e. 112, 121, and 211, containing the type IX collagen NC2 hetero-trimerization domain. In these abbreviations the number means the chain of type I collagen, whereas the position determines the chain of the type IX collagen NC2 domain. For example, 112 is the combination of Iα1-IXα1, Iα1-IXα2, and Iα2-IXα3 (see Figure 1 for sequences) . Note that this abbreviation may not necessarily reflect the α2 chain absolute position in the chain register; it only reflects the relative position as linked to the NC2 domain. Two homo-trimeric combinations were also produced for controls, namely 111 and 222, which solely composed of either α1 or α2 chains, respectively. All six chains (last sequences in Figure 1 ) required for these complexes were expressed separately and then mixed accordingly and purified as described in Experimental procedures.
The purity and composition of the complexes were analyzed under non-and reducing conditions on the SDS-PAGE (Figure 4) . Two bands were observed under the non-reducing condition, with the higher band representing the disulfide bonded α1 and α3 chains of NC2. Figure 4 also demonstrates the purity of the recombinantly produced vWFA3 domain. The reduction of the intrachain disulfide bond of vWFA3 remarkably decreases its migration rate. Sedimentation equilibrium experiments confirmed the trimeric nature of the collagen complexes with no signs of dissociation into individual subunits or higher oligomeric aggregation (Supplemental Figure S5 ).
Thermal stability of hetero-trimeric complexes analyzed by CD and DSC -
The thermal denaturation profiles of the collagen triple helix within the hetero-trimeric complexes were assessed using the circular dichroism (CD) spectroscopy ( Figure 5A ) and differential scanning calorimetry (DSC) ( Figure 5B ). The NC2 domain retained its native trimeric structure within the used temperature intervals (22) . Both methods demonstrated the noticeably higher melting temperature for the 112 complex as compared to 121 and 211 ( Figure 5 ). The detailed analysis of the melting profiles from CD experiments that takes into account the kinetic hysteresis phenomenon was performed (Supplemental Figure  S6 ) in accord with (32) . The thermodynamic parameters derived from this analysis are presented in Table 1 . The equilibrium melting temperature of 112 is 1.5-1.9 °C higher than of 121 or 211. The enthalpy gain for 112 is also remarkable. These differences clearly point that the NC2 domain plays a role in chain register of the adjacent chains.
Since type I collagen sequences are separated from the NC2 domain by three GPP units (Figure 1 ), any interaction between type I and type IX collagen sequences must be excluded.
Collagen peptides -vWFA3 binding assessed by the affinity chromatography -Equal amounts of the collagen complexes were sequentially injected onto the vWFA3-coupled column and the elution profiles were recorded. The column equilibration and the loading and elution of proteins were performed using the same buffer. The elution profiles are shown in Figure  6A . The strongest retention was observed for the type III collagen construct (111.III), which was effectively eluted only with 1 M NaCl (data not shown). The small peak between 1 and 1.5 mL reflects non-interacting impurities in the sample of 111.III. Type I collagen constructs demonstrated various retentions ranging from the strongest one for the 111 homo-trimeric construct to the noninteracting 222. Whereas 112 showed slightly stronger binding than 211, both had the remarkably longer retention than 121 among the hetero-trimeric complexes.
Collagen peptides -vWFA3 binding measured by surface plasmon resonance -The collagen complexes were immobilized on the sensorchip surfaces and vWFA3 was injected in the concentration range of 0.0002 -2.08 mM to monitor the change in the surface plasmon resonance signal in real time, which reflected an amount of bound material. After sample injection, a running buffer was passed over the surfaces to monitor the dissociation. The association and dissociation kinetics were not resolved and the total response signal was used as a measure of the equilibrium binding. The reference channels were coupled with (GPP) 7 -NC2XIXB or 222-NC2IX for type III or type I collagen complexes, respectively, in order to subtract nonspecific binding and bulk refractive index effects (Supplemental Figure S7) .
The equilibrium binding curves of vWFA3 on the surfaces with the collagen complexes are shown in Figure 6B . For scaling purposes the data are given as ratio between the actual response signals of ligand binding (vWFA3) to the overall change in the coupling response signal of different substrates (collagens). The type III collagen fragment (111.III) demonstrated the highest binding affinity. The type I collagen variants 111 and 112 showed similar affinity. The 121 construct revealed the weakest binding potential among the hetero-trimeric constructs, which is in accord with the affinity chromatography.
DISCUSSION
The only method reported for the staggercontrolled assembly of collagen triple helical peptides with the natural sequences (14) is based on several assumptions. First, the type III collagen cysteine knot sequence GPCCGG specifically locks a certain chain stagger within the triple helix. Second, the simplified version of this sequence GCGG/GCCGG/GPCGG for leading/middle/trailing chains and the regioselective connection between cysteines mimics the natural knot. Neither of these assumptions have been experimentally proven. Moreover, no systematic study has been done to demonstrate any preference of one over any other stagger possibility in any kind of assays. The crystal structures of the natural fragment of the type III collagen (15) and of col3HypCC (this study) did not demonstrate a specific structure of the cysteine knot, which might be a consequence of alternative disulfide connections and/or multiple conformations. Therefore, the use of the knot for the stagger control remains questionable. It is worth mentioning here that type III collagen from a natural source might still have the specific connectivity within the cysteine knot since its structure formation is the result of a set of events such as the C-propeptide trimerization and folding and cleavage of the latter. Moreover, the telopeptide sequences, which extend the GPCCGG sequence, might influence the knot structure.
In this study we explored the stagger control potential of the NC2 hetero-trimerization domain of type IX collagen.
Whereas, the cysteine knot formation requires the preceding formation of the triple helix (34) or regioselective chemistry (14) , the NC2 domain is a potent heterotrimerization domain that selects and brings three distinct chains together, forms a stable heterotrimeric complex and thus initiate the triple helix formation (22) .
The NC2 domain is an autonomously folding unit and its assembly should precede the tripe helix formation in order to dictate it. For this reason the stability of the adjacent triple helical sequences was optimized by varying the number of flanking GPP units (data not shown). In other words the ability of collagenous sequences to compete with the NC2 domain for the trimer formation was eliminated, while its ability to form the trimer when trimerized by the NC2 domain remained. To demonstrate the stagger control of the NC2 domain a systematic analysis of all possible stagger variants of type I collagen fragment was performed. Since type I collagen has two α1 and one α2 chains per trimer, we permuted the α2 chain to all three chains of the NC2 domain and supplemented α1 chains accordingly.
Whereas the fusion of type I collagen sequences with the hetero-trimerization domain of type IX collagen was performed to clarify the role of the NC2 domain in stagger determination, all other homo-trimeric proteins were stabilized either by the type III collagen cysteine knot or the NC2 domain of type XIX collagen to ensure the triple helix stability at diluted solutions.
Two alternative methods were used to demonstrate discriminative binding of homo-and hetero-trimeric complexes of type I collagen, i.e. affinity chromatography with the immobilized substrate (vWFA3) and surface plasmon resonance with the immobilized ligands (collagens). Whereas the affinity chromatography was controlled by association/dissociation kinetics, the surface plasmon resonance data reflected only the equilibrium binding thermodynamics. This combination provided the comprehensive and complementary data. None of the hetero-trimeric combinations of type I collagen was able to approach the efficiency observed with the type III sequence. This is somewhat unexpected from recent speculations based on the crystal structure of the complex between type III collagen peptide and the vWFA3 domain (2) , where the authors anticipated an identical interface for a specific type I collagen stagger. On the other hand this is in agreement with the previous observation of much lower affinity of type I collagen to vWFA3 compared with type III (35) . Our finding supports this experimental observation. Moreover, the ability of the homo-trimeric combination 111 of type I collagen to retain longer on the vWFA3-coupled sepharose than any hetero-trimeric form raise a question whether the structure-based speculations are appropriate. Among the heterotrimeric variants of type I collagen 112 is the strongest binding composition to vWFA3 and 211 has a slightly weaker binding potential. The 121 construct is the least interacting variant. The overall order of interacting potential for the collagen variants is 111.III >> 111 > 112 > 211 > 121 > 222. Given the strongest binding to vWFA3 among the hetero-trimeric variants and the highest melting temperature, the 112 composition represents the most likely stagger of type I collagen. The lack of structural information on the type IX collagen NC2 domain and its interface with the collagenous portion does not allow us to conclude about the absolute stagger of type I collagen. Nevertheless, the most likely stagger of type I collagen can be practically reproduced by placing the α2 chain of type I collagen in front of the α3 chain of the NC2 domain of type IX collagen and the α1 chains in front of α1 and α2, respectively.
A major hindrance in establishing a full picture of the collagen interactome is very limited availability of different collagen types and inability to control the chain composition and the correct stagger for short collagen fragments for precise mapping of binding sites. The development of collagen toolkits for heterotrimeric collagens is a big challenge that has not been addressed so far. Toolkits for hetero-trimeric collagens are attractive and highly demanded tools for studying angiogenesis, haemostasis, autoimmunity, tumor growth and inhibition, infection, cell signaling, muscular dystrophies, myopathies, Alzheimer's disease etc. (1) . Heterotrimeric collagens are involved in interactions with pluripotent cell types in our body and thus can be used for development of xeno-free scaffolds for amplification of stem cells. The ability of the type IX collagen NC2 domain to control the chain register in the triple helix can be now practically exploited for the generation of hetero-trimeric collagen fragments of interest with a controlled stagger and development of the hetero-trimeric collagen toolkits. Clear density is only observed for the A1-B2 connection, which is consistent with the previously published structure of type III collagen fragment Gly991-Gly1032 (15) . (D) Cysteine knot region superimposition of col3HypCC and Gly991-Gly1032 (15) . Coordinates of main chain atoms of the last two tripeptide units preceding the cysteine knot region were used for the least squares fitting to align the triple helices. A significant variation is observed within the cysteine knot region. Figure 1 by guest on November 18, 2017 
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